Abstract. Due to alternative splicing events in eukaryotic species, the identification of mRNA isoforms (or splicing variants) is a difficult problem. Traditional experimental methods for this purpose are time consuming and cost ineffective. The emerging RNA-Seq technology provides a possible effective method to address this problem. Although the advantages of RNA-Seq over traditional methods in transcriptome analysis have been confirmed by many studies, the inference of isoforms from millions of short sequence reads (e.g., Illumina/Solexa reads) has remained computationally challenging. In this work, we propose a method to calculate the expression levels of isoforms and infer isoforms from short RNASeq reads using exon-intron boundary, transcription start site (TSS) and poly-A site (PAS) information. We first formulate the relationship among exons, isoforms, and single-end reads as a convex quadratic program, and then use an efficient algorithm (called IsoInfer) to search for isoforms. IsoInfer can calculate the expression levels of isoforms accurately if all the isoforms are known and infer novel isoforms from scratch. Our experimental tests on known mouse isoforms with both simulated expression levels and reads demonstrate that IsoInfer is able to calculate the expression levels of isoforms with an accuracy comparable to the state-of-the-art statistical method and a 60 times faster speed. Moreover, our tests on both simulated and real reads show that it achieves a good precision and sensitivity in inferring isoforms when given accurate exon-intron boundary, TSS and PAS information, especially for isoforms whose expression levels are significantly high.
Introduction
Transcriptome study (or transcriptomics) aims to discover all the transcripts and their quantities in a cell or an organism under different external environmental conditions. A large amount of work has been devoted to transcriptomics, which [7] , and exon-junction arrays [8, 9] , and tag-based approaches such as MPSS [10, 11] , SAGE [12, 13] , CAGE [14, 15] , PMAGE [16] , and GIS [17] . However, due to various constraints intrinsic to these technologies, the speed of advance in transcriptomics is far from being satisfactory, especially on eukaryotic species because of widespread alternative splicing events.
Applying next generation sequencing technologies to transcriptomes, the recently developed RNA-Seq technology is quickly becoming an important tool in functional genomics and transcriptomics. It can be used to identify all genes and exons and their boundaries [18, 19] and to study gene functions and perform transcriptome analysis [20] . For example, based on an unannotated genomic sequence and millions of short reads from RNA-Seq, [21] developed a general method for the discovery of a complete transcriptome, including the identification of coding regions, ends of transcripts, splice junctions, splice site variations, etc. Their application of the method to S.cerevisiae (yeast) showed a high degree of agreement with the existing knowledge of the yeast transcriptome. Besides yeast [22, 18] , RNA-Seq has been applied to the transcriptome analysis of mouse [23, 24] and human [25, 26] . These results demonstrate that RNA-Seq is a powerful quantitative method to sample a transcriptome deeply at an unprecedented resolution. Moreover, DNA sequencing technologies are under fast development. Some of them now could provide long reads, paired-end reads, DNA-strand-sequencing of mRNA transcripts, etc. See [27] for a comprehensive analysis of the advantages of RNA-Seq over traditional methods in genome-wide transcriptome analysis, and the challenges faced by this technology.
Very recently, several methods have been proposed to characterize the expression level of each transcript [28, 29] using RNA-Seq data. In [28] , the authors showed that short (single-end or paired-end) read sequences cannot theoretically guarantee a unique solution to the transcriptome reconstruction problem (i.e., the reconstruction of all expressed isoforms and their expression levels) in general even if the reads are sampled perfectly according to the length of each transcript (without random distortions and noise). However, under the same assumption, the authors also showed that paired-end reads could help reconstruct the transcripts uniquely and determine their expression levels for most of the currently known isoforms of human, and single-end reads could allow us to determine the expression levels correctly if all the isoforms are known. However, these results are mostly of theoretical interest because sequence read data are random in nature and may contain noise in practice.
[29] presented a more practical way to estimate the expression levels of known isoforms. The method uses maximum likelihood estimation followed by importance sampling from the posterior distribution.
The availability of all the isoforms is the basis of the accurate estimation of isoform expression levels [29] , which could be used to infer all splicing variants quantitatively and qualitatively. The variations in isoform expression levels and
